A novel spatial display for a classic signal detection problem was tested in an experiment with thirty naïve volunteers and two experts, measuring the signal detection properties of a spatially-organized display compared with temporallyorganized display. The collective performance of committees was also measured.
Introduction
With advances in radar technology, signal processing, and artificial intelligence, human operators are increasingly employed to determine the presence or absence of various signals, including baggage and personnel screening and optical inspection such as systems that scan underneath cars for explosive devices. Because of the uncertainty in such systems and the lack of clear signal thresholds, the detection of objects with automated technologies has not advanced to the point where human judgment is no longer needed. Therefore investigating the ability of human operators to distinguish objects from noise is important to the advancement of object detection systems. In addition, modeling human behavior in this domain provides insights into how automation could assist a human, and vice-versa. Moreover, understanding the currently achievable levels of performance and the relative merits of both human and automation elements enables engineers to construct the most functional systems possible.
The best possible signal detection system in these environments not only effectively differentiates signals from noise but also provides operators with efficient and reliable means of finding objects of interest. One key aspect of such a system is the human interface design, i.e., how well the system assists an operator in object detection.
Typically such systems are designed so that a single operator evaluates a solution, e.g., a single baggage screener looks at a screen to determine whether an illegal object is in an image. However, recent research suggests one form of "collective intelligence", known as the wisdom of crowds, can be superior to an individual's decision when pooling independent answers to a question from multiple people yields a superior solution than that proposed by a few people (Surowiecki 2004) . Unfortunately, there is little to no research that examines the value added by taking such a collective intelligence approach to a real world problem, which could have significant personnel and scheduling implications as compared to better designing displays for individuals.
To this end, in order to investigate both the role of improved decision support and the potential added value of collective intelligence in an image detection task, a test bed was used that leveraged an experimental vehicle-mounted ground penetrating radar (GPR) (Stanley 2016) . This system consisted of an electronically controlled, but mechanically actuated stock vehicle, GPR array, computer system, and the display for the operator (described in the next section). The vehicle traveled a previously traversed route and continuously compared the incoming GPR data to previously recorded GPR data. The goal of this system was to allow an operator to find buried objects via a change detection paradigm. The chief question operators must answer is whether they think the display depicts an object or a false alarm.
Such technologies are critical for saving lives in the detection of Improvised Explosive Devices (IEDs), a current real world application of GPRs. Figure 1 depicts the original GPR operator display. The radar data is captured and analyzed by various algorithms using the location of each sensor at the time the data is recorded. In the original interface, this sensor data is displayed to the user via colored rectangles, organized by time (on the horizontal axis) and radar elements (on the vertical axis, Figure 1) . A fixed number of sensor readings is displayed at all times (Figure 1 Since the GPR data is captured on a polling timer, this means that the graphic representations of objects are distorted on the display depending on how quickly the sensor is traversing the ground. Objects are also distorted by the turning of the vehicle, which decreases the temporal spacing between sensor readings on the inside radius of the turn compared to the outside of the turn. No measurements are taken if the forward movement is very small, if the vehicle is stationary, or if the vehicle is moving backward.
Improving the design
Operators of the actual original GPR radar found it difficult to interpret, particularly with the distortion and the representation of the front of the vehicle on the right side of the display, which was constantly updating. In order to address the design shortcomings of the original display, we proposed a redesign of the user interface ( Figure 2 ).
The old interface (Figure 1 ) displays the newest data on the right edge of the display (Figure 1(i) ). This is called a ''track-right'' display and presents the viewer with the experience of traveling to the right. This presentation of the data is at odds with the fact that the vehicle is moving forward, corresponding to the top edge of the display. In 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 This approach allows new data to populate along the top edge of the display, indicative of vehicle forward motion, rather than populating along the right edge of the image. To further improve situation awareness, the physical location of the radar array on the front of the vehicles was added (Figure 2(vi) ).
In order to further improve the ability of operators to understand where a signal is located geographically from one of the sensors, the new display renders the data as points using a nearest-neighbor interpolation to avoid removing key information. This should help improve the operators' ability to perceive where the signal is located geographically, thus improving their perception-based situation awareness (Endsley, 2000) . Areas of no data only show a gray background (Figure 2 (ii)), as opposed to the blue background of The design was revamped to reduce the cognitive complexity of the display (Xing 2006). The original colormap for GPR was a full rainbow, chosen because it was thought to have superior contrast to standard black and white colormaps and is standard in GPR systems (Hunt, Massie, and Cull 2000) . The new interface in Figure 2 uses a simpler colormap, based on three colors, a blue, a light gray, and a red. The blue is the lowest radar to signify a lack of data (Figure 2 (ii)). Not only does this display reduce the cognitive complexity associated with color interpretations, but it also fulfilled the requirement of avoiding combinations of colors confused by individuals with deuteranopia and tritanopia color blindness (Harrower and Brewer 2003) .
The new design of the GPR display was based on following established humancentered design principles such as the principle of the moving part, reduced cognitive complexity, design for recognition instead of recall, and making critical data relationships visible. Testing should reveal whether the design was improved, as well as how these design changes affected performance, both individually and collectively.
Method Participants
Thirty-four participants from a large technology research and development company were recruited over email and through word of mouth. Three participants were considered experts due to prior affiliation with the project in that they were key members in the design of the system as well as the operator display. One non-expert participant and one expert were disqualified due to colorblindness, yielding a pool of thirty experimental participants and two experts. Out of thirty participants, twenty-one were male and nine female. Participants ranged in age from twenty-two to seventy-two (mean = 41 years, SD (standard deviation) = 13 years). All participants had self-reported corrected vision 20/25 or better.
Simulation
While the fielded GPR system used a commercial flat screen display mounted on the dashboard with resistive touchscreen capabilities, for convenience and cost savings, this experiment was conducted using an Apple iPad ® laying flat on a tabletop. The iPad had the same pixel density (52 pixels/cm) as the fielded display, with similar resistive touchscreen capabilities. The results from this study are not expected to be directly transferable to the fielded system, but rather are meant to examine relative differences given both this specific display improvements as well as the use of a collective approach.
Experiment Design
This study was a within-subjects, repeated measures design. Forty-eight images were noise and 54 contained a signal. The order of the scenarios was counterbalanced and randomized for every participant and between the two interfaces. Scenario order (First/Second) was counterbalanced and randomized across participants and between interfaces (Old/New). Participants completed 102 scenarios on one interface, then 102 scenarios on the other.
Procedure
Each participant was briefed on the interface, the symbology and shown ten scenarios with the correct answers. Then they practiced on their own, with these same ten scenarios presented in a different order. For each scenario presented, participants could press one of two buttons labeled "Object" or "False Alarm". After submitting each answer in the training sequence, participants were shown the correct answer. Figure 3 shows example representations of Noise and Objects as indicated on the Old vs. New displays. Figure 3b illustrates the selection button.
At the end of the ten training scenarios, a summary screen displayed the results and the experimenter talked through the incorrect answers with the participant and answered any questions. If the participant incorrectly answered three or more scenarios, a remedial training protocol was given which included an additional six scenarios. Three participants required the remedial training protocol for one of the two interfaces, and one participant required the remedial training protocol for both interfaces. Participants were informed that their performance would only be assessed by the correctness of their answers, and not by the time they took to complete the exercise. Participants were also informed of a $100 gift certificate for the best performance. After training the test scenarios began. Unlike the training session, participants
were not allowed to change their answer nor did they receive feedback on their performance. They were also not shown the correct answers for each scenario. After each answer, a slider was displayed and the participant was asked to rate his or her confidence
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Results
Given the within-subjects design of this experiment, paired t-tests were used for data that met underlying normality assumptions. The Wilcoxon signed-rank test was used to evaluate paired samples and the Mann Whitney U test was used to evaluate independent samples when nonparametric measures were required, alpha = .05.
Participants correctly categorized more GPR scenarios using the new interface, In terms of subjective preference, participants overwhelmingly preferred the new interface. When asked to assess their preference on a five-value Likert scale between the interfaces, 83% preferred or strongly preferred the new interface, while 17% expressed no preference or preferred the old interface. For example, a study examining the relative performance between individuals and groups in a skin cancer detection task has shown value in collective analysis (Kurvers et al. 2015) , as did another study looking at the power of group decision making in mammography analysis (Wolf et al. 2015) . While interesting and potentially useful in these specific domains, there was no assessment of how a possibly poorly-designed interface could contribute to subpar individual performance. Thus this study compares both the improvements with individual and group decision making over the old interface in order to examine the relative value added of decision support design changes versus leveraging collective intelligence.
To this end, committee Receiver Operating Characteristic (ROC) curves were obtained of various "committees" of people who effectively "voted" as to the presence or absence of a target. These votes were recorded from the experimental results described in the previous section and were combined to see how the performances of various groups compared to individual performances. For ranking purposes, performers were ordered by the total area under the convex hull of their ROC curve to determine their membership in committees that ranged in size from one (the best performer) to a committee of 30 (representing all participants.) Intermediate committee sizes included 3, 5, and 15 people.
Given that errors vary with the square root of the number of samples, we elected to use the largest committees possible to determine the value added of collective intelligence versus improved display design. This resulted in choosing two committees of the 15 best performers and the worst 15. Then the aggregated best and worst performances of these As shown in Figure 5 , the interface mattered, with the new interface consistently outperforming the old interface when TPR values were greater than 60%. As expected, in all cases the better committees using both interfaces outperformed the worse committees. In general for signal detection tasks, the goal is to have high TPRs but low FPRs, making the upper left region the most desirable.
While Figure 5 demonstrates that the committee formed from the best people performed better using the new interface, it does not answer how the committee performed when compared to the best performer, which is shown in Figure 6 . The Figure 6 as 15-Best (Old/New)) appears to be better or equivalent to the best performer for the new interface (labeled in Figure 6 as 1-Best (Old/New)), while the best performer under the old interface was better than the committee between 55-80% TPR.
Given the nature of ROC curves, to be able to more effectively compare the relative performance impacts of both the interface design as well as the value of collective intelligence, an anchor metric must be selected. As discussed previously, ideally the ROC curves would be in the upper left corner, and indeed, for very mature tests such as a peptide test to diagnose heart failure (Florkowski 2008) , it is routine to have both high TPRs as well as low FPRs. However, such curves are not common for ground radar systems and there is a distinct tradeoff that must be made between TPRs and FPRs.
For GPR systems, the cost of a false positive is not necessarily high for a single incident, in that if a suspected detection is false, this just means that time and resources are lost in the investigation and perhaps detonation of a falsely suspected device like an IED. However, while one single false positive is not necessarily as problematic as it might be in an unneeded medical procedure that could harm a patient, repeated false positives in a GPR setting could be extremely dangerous. Investigation of false positive incidents adds significantly more time to missions, and in the case of IED detection, ultimately exposes soldiers to potentially harmful enemy fire. Ultimately, these soldiers could lose trust in such a system so while the acceptance of some false 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 positives is permissible, they should be minimized (Cazares 2017) .
In order to compare both the relative impact of the display redesign and the use of collective intelligence, Table 1 summarizes the false positive rates (FPR) for various individuals and groups for the experiment detailed previously for two given true positive rate (TPR) thresholds of 80% and 90%. These thresholds are typical for GPR systems (Chambers et al. 2013) . The "Interface FPR Difference" column of Table 1 displays the percent decrease in false positive rates for users of the new interface as compared to the old interface. Similarly, the row "Best 15 FPR Difference Over Individuals" in Table 1 displays the percent decrease in false positive rates for the committee of best 15 performers compared to the best and worst performers, as well as consensus of all 30 individuals. It should be noted that the assignments of Best and
Worse Individuals means that they were ranked by the total areas under the convex hulls of their ROC curves for overall best performance, and so may not necessarily have the highest performance at any discrete point. Similarly, the Group Consensus false positive rates represent the majority performance for 30 people combined. Table 1 illustrates that across both individuals and groups of decision makers, at an 80% TPR, the new interface provides a 19-34% reduction in false positives, and an 8% -47% reduction at the 90% TPR. Not surprisingly, the new interface provided the smallest improvement for the worst individual at both TPRs, but the biggest FPR reduction (47%) The remaining question is how much value was added by using the collective intelligence approach over various decision makers? In Table 1 , using the committee of the top 15 participants as the basis of comparison, the biggest improvement in the FPRs for both TPRs is for the worst performer ranging from 33%-63%, depending on the interface. However, in comparison to the magnitude of reduction for the improved display design, the improvements made by adding a collective intelligence component were modest when compared to the best decision makers or even the group as a whole, ranging from 4% to 23%. Indeed, in one case the collective best 15 group performed worse than the best performer, increasing the FPR by 9% using the old interface.
Expert users
In addition to the "best" performers for both the old and new interfaces, we also were fortunate to have access to two experts that were key personnel in the design of the GPR system (beyond the thirty participants in the experiment, and they played no role in the design and conduct of this research study). These experts were heavily involved in the design of the GPR system. Figure 7 shows the ROC performance of these experts in comparison to the committee and the best performers. These experts performed worse Figure 7 as the 30-Committee). Generally both experts were on par, or slightly worse than the 15-Worst person committee.
Individually, the experts were ranked 5 and 20 out of 32 on the old interface (when the thirty participants were combined with the 2 experts) in terms of correct detections, and they were ranked 10 and 11 out of 32 on the new interface. This indicates that the experts were potentially better than many participants, but still outperformed by many others who had substantially less experience with the system. This finding suggests two important points. First, experts who design a system cannot be relied upon to provide performance benchmarking. In this experiment, people with one hour of experience were able to significantly outperform experts with hundreds of hours of experience with the system. Arguably their expertise may have instilled bias in their decision making, but one question this result raises is that for such anomaly search tasks, is there a point at which experience becomes detrimental to performance?
In addition, while the use of collective intelligence to actively process images may not be feasible for many agencies in terms of scheduling and personnel requirements (and Table 1 suggests improved display design carries more weight), this research suggests that the use collective evaluation approaches may be useful in the design stages to illustrate deficiencies and also help stakeholders like designers better understand the limitations of their own designs.
Conclusions
Human operators are increasingly employed to determine the presence or absence of various signals in image search tasks like those in medicine and security. As previously discussed, recent research has suggested that collective intelligence, i.e., using groups to vote on the presence of a signal, can improve overall outcomes. However, how such collective intelligence performance improvements compare to those gained by ensuring decision support displays embody user-centered design principles has yet to be investigated in the open literature.
To this end, a current Ground Penetrating Radar (GPR) display organized temporally 
Key Points
• The spatial display was quantitatively and qualitatively superior to the temporal display. The new display resulted in a 4.6% increase in correctness of the participants' classifications and a 30.5% decrease in miss percentage.
• Qualitatively, 83% of participants preferred the new display.
• Using a collective intelligence approach, a committee of the best 15 people outperformed most individuals and all of the experts.
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